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Abstract

Water shortage has been a serious issue for many years. Hydrate-based desalination (HBD)
technology is a potential candidate for this solution. The present study investigates the
use of Cyclopentane (CP) as a hydrate former for desalination through crystallization
at low temperatures and atmospheric pressure. The primary objective of this work is
to provide phase equilibrium data for CP hydrates (CPH) in the presence of novel salt
systems, including NaBr, KBr, K;SO4, NaBr—KBr, NaCl-NaBr, KC1-KBr, NaySO4—K3SO0y4,
and CaCl,-MgCl,. Phase equilibrium temperatures were determined using both rapid and
slow dissociation procedures. The van der Waals and Platteeuw-based Kihara (Kihara)
approach, Hu-Lee-Sum (HLS) correlation, Standard Freezing Point Depression (SFPD)
approach, and Activity-Based Occupancy Correlation (ABOC) were applied to model these
new experimental data. The experimental results demonstrate that the differences between
the quick and slow procedure data range from 0 °C to 1.2 °C. In addition, the increasing
salt concentration enhances the inhibitory effect on hydrate formation. Furthermore, the
influence of cations on the equilibrium temperature follows the decreasing order of Mg?* >
Ca%* > Na* > K*. In terms of halide anions, Br~ exhibits a stronger impact on equilibrium
temperature compared to C1~. The thermodynamic modeling results (for all four models)
show good agreement with the experimental data with the average absolute deviation
(AAD) of less than or equal to 0.79 °C. The ABOC approach proves to be the most effective
among the four methods evaluated for accurately reproducing the equilibrium temperature
of CPH, with AAD less than or equal to 0.38 °C.

Keywords: HBD; CPH; phase equilibrium; salt inhibition effect; thermodynamics; modelling

1. Introduction

In the context of global warming and climate change, both quantity and quality of nat-
ural resources are dwindling. Water security and the issue of water shortage have emerged
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as one of the biggest global threats. Consequently, there is an urgent need for research
and innovation aimed at optimizing water treatment and desalination processes. Among
the emerging technologies under investigation, the HBD process has gained attention as a
promising and potentially efficient solution.

Clathrate hydrates, also known as hydrates, are nonstoichiometric ice-like crystalline
compounds composed of guest molecules that are trapped by hydrogen-bonded cages built
up from the water molecules [1]. Water molecules are also called host molecules. Mean-
while, guest molecules are referred to as “former” or “promoter” molecules. There are many
different guest molecules, ranging from small nonpolar gaseous molecules such as CO,,
H,, CH4, and Nj to heavier polar molecules with large hydrophobic moieties including CP,
tetrahydrofuran (THF), neohexane, etc. The kind of hydrate structure depends on the size
and nature of the guest molecules. There are three main polymorphs of hydrates: cubic
structure I (sI), cubic structure II (sII), and hexagonal structure H (sH) [1-3]. The unit cell of
sl—the most common cubic structure—is constructed from 46 water molecules forming two
small and six large cavities where the guest molecules can occupy. sl comprises 136 water
molecules, making sixteen small and eight large cavities. However, the hydrate structure
of type H is significantly more complex and much less common.

Hydrate formation is not a chemical reaction but only a physical phase change, which
occurs most favorably at high pressure and low temperature. No chemical bonds or strong
forces exist between the guest and host molecules. Therefore, guest molecules are free to
rotate inside the cages built up from host molecules through van der Waals-type dispersion
forces. All previous investigations indicate that hydrate formation is believed to occur in
two steps: nucleation at the interface and growth, which depend on the temperature, the
presence of surfactant, or the properties of the wall surfaces [1-4]. While the formation
process has an exothermic nature, hydrate dissociation is an endothermic process. Heat
must be supplied externally to break the hydrogen bonds between water molecules and
the van der Waals interaction forces between the guest and water molecules of the hydrate
lattice to decompose the hydrate to water and gas (or liquid).

In the past two decades, the potential of clathrate hydrate for solving problems in many
industrial fields has been revealed and received notable interests. Indeed, hydrates have
been extensively studied and investigated, and hydrate-based application technologies
play an essential role in many applications in both science and engineering aspects. Owing
to the ability to trap guest molecules and also the selective property, hydrate presents a
vast potential for gas separation, storage, and transportation [2,5-8]. Hydrate-based tech-
nologies are also well-known as eco-friendly methods in CO; capture and storage [9-12].
Moreover, hydrates can be good candidates in cold storage and transportation as a replace-
ment method for conventional refrigerants [13-15]. Furthermore, thanks to the hydrate
formation and dissociation process, HBD is a promising, sustainable, novel method that
has attracted special interest [16-25].

The concept of using hydrates for seawater desalination has been present for many
decades. This technique was proposed for the first time in the 1940s by Parker who used
R-23 as the hydrate former [26]. This proposal demonstrated, in theory, the feasibility of
desalination through hydrate formation. As mentioned previously, the principle of HBD is
based on a liquid-to-solid phase change. During this process, only pure water is involved in
the crystallization of hydrate, and salt ions and other impurities are excluded from the solid
phase (hydrate) and remain in the concentrated aqueous solution. In other words, salts are
not incorporated into the hydrate structure. Then, following the formation of hydrates, the
hydrate crystals can be separated from the residual brine solution using filtration or other
separation techniques. Desalinated water and guest molecules can be recovered upon the
dissociation of the separated hydrate crystals [27-29].
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Given the ability of hydrates to be formed at higher temperatures than the freezing
point of ice, the process is expected to require less energy and improve energy efficiency.
Ho-Van et al. [17] analyzed critical aspects such as energy consumption, the efficiency
of water production, and the economy of desalination plants between HBD and tradi-
tional technologies. They pointed out that the production cost associated with HBD is
considerably lower than multi-stage flash distillation, solar thermal distillation, freezing,
and ion-exchange desalination technologies. Despite these advances, safety operation
conditions and guest molecule separation methods remain challenges for applying this
technique in desalination plants. These challenges can be overcome by selecting a suitable
guest molecule on which the operating conditions are highly dependent.

The most commonly studied guest molecules in desalination applications include
methane (CHy), carbon dioxide (CO,), propane (C3Hg), hydrofluorocarbons (HCFC), chlo-
rofluorocarbon refrigerants (e.g., R141b), CP, and THF [17,24]. Among these, light hy-
drocarbons, CO,, HCFC, and R141b have been shown to enhance salt removal efficiency.
However, these guest molecules require high pressure to operate, which poses a significant
challenge in practical implementation. In contrast, CP and THF are two guest molecules
that can form hydrates at atmospheric pressure and an accessible temperature. Due to its
high solubility, THF is miscible in water, complicating the separation and recovery process
after hydrate dissociation. CP shows a better-promoting effect than THF [25]. Furthermore,
with the immiscible properties in water, it is also easy to separate CP from dissociated
water to recover and recycle.

CP is a well-known guest molecule capable of forming hydrates with pure water at
ambient pressure and temperatures ranging approximately from 6.3 °C to 7.8 °C, depending
on the experimental method used. Ho-van et al. revealed that the equilibrium temperature
range of 6.6 °C to 7.2 °C seems the most reliable [17]. Due to its size, CP forms slI hydrate
and only occupies the large cages (5!26* cages), leaving the small cages empty. Therefore,
the theoretical composition (guest/water ratio) of CPH is 1:17. With the help of gases, CP
still forms sII hydrate under pressure. Several researchers obtained equilibrium datasets
of CPH in the presence of NaCl [30-36]. Numerous phase equilibrium data of CPH in the
presence of single salts (KCl, CaCl,, MgCl,, and Na;SO4) and mixture solutions (NaCI-KCl,
MgCl,-NaClyp, MgCl,-NaClp-KCl) were reported [27,30].

A comprehensive understanding of phase equilibrium data of CPH in the presence
of electrolytes is crucial for the practical implementation of CPH-based desalination in
commercial use. More thermodynamic data of CPH in the presence of new salt systems
at different concentrations can help provide a better understanding of HBD processes in
real-world conditions. From a practical perspective, phase equilibrium analysis supports
the design and scaling of CPH-based desalination systems for general saltwater, ensuring
reliable operation and consistent water quality. It provides quantitative guidance for
process optimization, prevents premature material saturation, and enhances overall system
performance. Consequently, integrating detailed thermodynamic and equilibrium data
into the design of CPH-based desalination units is pivotal for bridging the gap between
laboratory research and commercial application, offering a viable approach to large-scale,
energy-efficient saltwater treatment.

The previous studies did not address the thermodynamics of CPH in the presence
of diverse salts and their mixtures in the wide range of concentrations. This research will
provide additional experimental data and validate the thermodynamic models for new
salt systems (single and multi-salt solutions). Such advancements are crucial for kinetic
studies, which play a key role in designing industrial desalination systems. Given the
limited available data, the primary objective of this study is to expand the experimental
phase equilibrium data of CPH in the presence of various electrolytes—namely NaBr, KBr,
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K,5S04, NaBr-KBr, NaCl-NaBr, KCI-KBr, Na;S04-K;504, and CaCl,-MgCl,—which are
common salts in seawater or major contributors to water hardness. These measurements are
conducted at multiple concentrations using both quick and slow dissociation procedures.
Then, four thermodynamic modeling approaches are performed to accurately predict the
CPH equilibrium points in a brine solution: Kihara approach, HLS correlation, SFPD
method, and ABOC.

2. Materials and Methods
2.1. Materials

Table 1 lists all the materials used in this work. CP is supplied by Aladdin Biochem-
ical Technology Co., Ltd., (Shanghai, China) while the NaBr, K,SO,, CaCl,.2H,0, and
MgCl,.6H,O are provided by Sigma-Aldrich, Co., (St. Louis, MO, USA) and the KBr,
Na,S0Oy, KCl, and NaCl are provided by Fisher Scientific, (Loughborough, UK). Ultrapure
water with a resistivity p ~ 0.055 mQ.cm and TOC (total organic carbon content) less
than 4 ppb is supplied by the Milli-Q® Advantage A10 Water Purification System (Merck,
Darmstadt, Germany).

Table 1. Purity of initial material used.

Material Chemical Formula Mz)gl/.n‘;\(f)elzg)ht Sombll(lg’Ll)n Water Purity
CpP CsHyg 70.13 0.156 (25 °C) [37] 96%
Sodium bromide NaBr 102.89 900 (20 °C) [38] 98%
Potassium bromide KBr 119.00 678 (25 °C) [38] 99.5%
Sodium sulfate NaySOy 142.04 280 (20 °C) [38] 99.5%
Potassium sulfate K5SOy4 174.26 110 (20 °C) [38] 99%
Calcium chloride CaCl,.2H,0O 110.98 420 (20 °C) [38] 99%
Magnesium chloride MgCl,.6H,O 95.21 546 (20 °C) [38] 98%
Potassium chloride KCl 74.55 340 (20 °C) [38] 99%
Sodium chloride NaCl 58.4 360 (20 °C) [38] 99.5%

2.2. Apparatus

A series of experiments of quick and slow dissociation procedures, are conducted in
two distinct apparatuses, as illustrated in Figures 1 and 2, respectively.

Gas exit
—

2—»

Figure 1. Simplified schematic diagram of the main experimental apparatus for the quick dissociation
procedure (noted that in this work, we do not use a gas bottle and valve system). 1—Chiller,
2—Vessel, 3—Gas bottle, 4—Agitator, 5—Temperature probe, 6—Pressure probe, 7—Liquid sampling,
8—Transmitter, 9—Computer.
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Figure 2. Simplified schematic diagram of the main experimental apparatus for the slow disso-
ciation procedure. 1—Vessel, 2—Chiller, 3—Impeller, 4—Agitator, 5—Cooling jacket, 6—Motor,
7—Temperature transmitter, s—Computer, 9—Temperature probe, 10—Drying oven, 11—Ion chro-
matography. Reprinted with permission from Ho-van et al. [30].

In the case of experiments involving quick dissociation procedures, the reactor is a
cylindrical vessel provided by PARR Instrument Company with an inner volume of 1.35 L.
The chiller RE307 constantly and uniformly controls the temperature inside the vessel via a
double jacket. This chiller is furnished by Lauda Ecoline with a temperature accuracy of
£0.1 °C. The coolant of the chiller is a solution of water and ethanol (50% by mass fraction).

In contrast, the experimental setup for the slow dissociation procedure is the same as
described by Ho-Van [30]. The reactor is a jacketed batch glass vessel supplied by Verre
Equipment with an approximate inner volume of 1 L. A double jacket has been installed
around the vessel to ensure constant and uniform temperature control. The Ministat 240,
supplied by Huber (Edison, NJ, USA), is the chiller utilized in this procedure, and it boasts
a temperature stability of +0.02 °C.

In both systems, the agitator inside the vessel is driven by a motor, thereby mixing the
injected solution. Probes monitor the solution’s temperature, which is subsequently trans-
mitted to the computer by a transmitter. LabVIEW records the data obtained throughout
the experiment.

The salt concentration of the samples taken in the experiment is measured using a
drying oven and ion chromatography device.

2.3. Quick Dissociation Procedure

The quick dissociation process developed by Ho-Van et al. [30] aims to rapidly estimate
the temperature equilibrium. The initial step of this procedure is to disassemble the reactor,
followed by a thorough cleaning of the reactor and all beakers with deionized water to
ensure the removal of any residual contaminants. Then, a solution containing 400 mL
of deionized water and a quantity of salt (depending on the chosen concentration) is
prepared and mixed well for 10 min. A 5 mL sample of salt solution is taken to measure
the concentration. The prepared solution is injected into the reactor, followed by 121.54 mL
of CP. This proportion is based on the theoretical stoichiometric composition of CPH
Nwater/Ncp = 17 [1]. Subsequently, the solution is stirred continuously at a 400-500 rpm
rate thanks to the agitator. The Cryostat or cooling system operates at a set point above
the freezing point of the salt solution to guarantee no ice formation in the solution. As
the temperature of the solution approaches the set point, a small quantity of ice, prepared
previously from deionized water, and an appropriate quantity of salt are introduced into
the reactor. The addition of ice acts as a nucleating agent to initiate the crystallization
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process, while introducing salt maintains the salt concentration constant. Because it is
not possible to see directly inside the reactor, after the formation of CPH (based on the
temperature profile) the temperature is kept stable for approximately 3—4 h to ensure a
sufficient amount of CPH is formed. The cryostat is then switched off. Due to the heat
from the surrounding environment, CPH dissociates progressively. Then, the temperature
surges dramatically. The bending point is considered as the equilibrium temperature of
the prepared salt concentration. Also, the agitator is stopped at that time to separate the
salt solution phase from the CP phase. A 5 mL brine solution sample is collected through
liquid sampling to cross-check with the previous sample. When the two salt concentrations
were identical, with an error below 3%, the equilibrium temperature was reported. The
quick dissociation methodology can be described briefly by steps as follows (Figure 3):

Preparing the salt solution and taking a sample for analysis;

Injecting the brine solution and CP into the reactor, then
starting the mixer;

\
Decreasing the temperature below the hydrate formation
temperature;
Waiting for hydrate formation until a sufficient amount of
hydrate has formed (approximately 3-4 h); )
\

Stopping the cooling system to dissociate hydrates and
determine the equilibrium point, observed when no hydrates
remain and a sharp temperature rise occurs in the aqueous
system;

Taking sample for analysis. )

Figure 3. Quick CPH dissociation procedure for determining thermodynamic equilibrium.

2.4. Slow Dissociation Procedure

The slow dissociation procedure experiment is performed with the same salt concen-
tration as each quick dissociation experiment. The objective of this procedure is to provide
more accurate data and cross-check with quick dissociation procedure data. The solution is
mixed continuously at 300400 rpm throughout the experiment. The experimental steps are
carried out similarly to the quick procedure until sufficient CPH has been formed (which
can be observed directly in the vessel). Then, the temperature is manually controlled via
the cooling system. Initially, the temperature increases at an increment of 1 °C and remains
constant for at least 1 h. When the temperature reaches a value of 3 °C lower than the
equilibrium temperature obtained from the quick procedure, a series of 0.1 °C temperature
increments are implemented and iterated until only a few hydrate particles are observed
visually. The temperature is then maintained for an extended period, ranging from half
a day to a day, to ensure that equilibrium is reached. This step is repeated as long as
crystals are still present in the vessel. The equilibrium temperature is the one recorded in
the penultimate step where CP, CPH, and aqueous phase coexist. At each step of increasing
temperature, the image of the solution is recorded for analysis and comparison to find
the temperature at which only two phases of salt solution and CP can be observed. To
ensure that no CPH remains in the bulk at the final step of the procedure, a sample of 5 mL
was taken from the bottom of the vessel. This sample is then used to compare the salt
concentration at the initial stage (before cooling) and at the final stage (dissociation point).
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Analyses were carried out using a drying oven set at 60 °C. If these two salt concentrations
are identical (with an error of less than 1%), the equilibrium temperature is then recorded.

An uncertainty analysis was conducted by Ho-Van [30]. The uncertainty of tempera-
ture measurements is +0.1 °C. The uncertainty of mass balance measurements is 0.01 g, and
the uncertainty for volume measurements is 0.01 mL. The uncertainty of salt concentration
is: 0.002% mass due to weighing; 0.2% mass due to drying oven. All initial conditions in
quick dissociation and slow dissociation experiments are listed in Appendix A (Tables A1l
and A?2). These tables present the pure salts and their mixtures tested in CPH experiments
at concentrations ranging from 0% to 20% by mass corresponding to the amount of water,
salt, and CP used. The slow dissociation methodology can be described briefly by steps as
follows (Figure 4):

Preparing the salt solution and taking a sample for analysis;

Injecting the brine solution and CP into the reactor, then starting
the mixer;

Decreasing the temperature below the hydrate formation
temperature;

Waiting for hydrate formation until a sufficient CPH has formed; )

Gradually increasing the temperature to dissociate the hydrates
and determine the thermodynamic equilibrium point at which no
hydrates are present;

Taking sample for analysis. )

Figure 4. Slow CPH dissociation procedure for determining thermodynamic equilibrium.

3. Experimental Results
3.1. The Behavior of CPH Formation and Dissociation

Hydrate formation and dissociation processes are exothermic and endothermic, re-
spectively [1]. These thermal characteristics make it possible to clearly identify and analyze
both processes by monitoring temperature throughout the experiment. Figure 5 illustrates
the standard temperature profiles of the quick dissociation experiment.

Upon the introduction of ice into the reactor (point 1), a slight increase in tempera-
ture was observed as a consequence of the exothermic nature of hydrate crystallization.
When the chiller stopped (point 2), the temperature rose significantly as a result of heat
transfer from the surrounding environment into the reactor. Subsequently, the slope of
the temperature curve diminished, and the temperature remained relatively stable as the
hydrate strongly dissociated (point 3). Theoretically, the temperature in this period should
remain unchanged. However, the unstable temperature can be ascribed to either nonequi-
librium dissociation or the existence of small hydrate blocks within the reactor. Thereafter,
a dramatic surge in temperature occurred, indicating complete hydrate dissociation. The
temperature at which the slope changed remarkably was recorded as the equilibrium
temperature (point 4).

The quick dissociation experiment of CPH in pure water was repeated, and the
equilibrium temperature was recorded at 7.3 & 0.1 °C. This value is close (error less
than 3%) to the published literature data, which records 7.1 °C [30]. Ho-Van et al. [30]
declared that the quick dissociation procedure carries a risk of recording an equilibrium
temperature that exceeds the actual equilibrium temperature itself. This discrepancy can
be attributed to the higher heat transfer rate from the surrounding environment to the
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liquid phase compared to the heat transfer rate from the liquid phase to the hydrate crystal.
Additionally, as measured in our apparatus, the equilibrium temperature of CPH in pure
water is slightly lower than the value of 7.7 & 0.1 °C reported by Ho-Van [30] using the same
quick dissociation procedure but in a different apparatus. It is noteworthy that our result
approaches their value obtained through the slow dissociation procedure (7.0 + 0.1 °C).
Therefore, our quick experimental results offer a reliable first approximation and estimate.

30
25
&)
e 20
z
L]
2 )
© =
v - (1)
E‘ 10 Injectice
P )
5 S~ Equilibrium
temperature
2 Hydrate formation 5.9°C
-5
0 100 200 300 400 500 600 700 800 900
Time {min)

Figure 5. Standard temperature profiles of hydrate formation and dissociation in the quick dissocia-
tion procedure (in NaBr 5.0 wt.%).

Similarly to the quick experiment, the hydrate formation in the slow dissociation
procedure started after the injection of ice, resulting in a slight temperature rise. However,
the dissociation process is meticulously controlled and prolonged by gradually increasing
the temperature and maintaining it for a minimum of one hour (Figure 6). It is expected
that the equilibrium temperature can be determined with greater precision by decelerating
the dissociation process, as presented by Ho-Van et al. [30].

v Equilibrium
temperature
6.2°C

Hydrate formation \

. /|

—_ €2
.L) 5

]

-

3

E <

o

3

Cooling

|2 3

2 |injectice

; *a

0 —

0 2000 4000 6000 8000 10000 12000 14000 16000

Time (min)

Figure 6. Standard temperature profiles of hydrate formation and dissociation in the slow dissociation
procedure (in NaBr 3.5 wt.%).
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Temperature (°C)

3.2. Experimental Dissociation Data of CPH in the Presence of Salts

The experimental results of CPH in the presence of NaBr, KBr, K,SO,, NaBr-KBr, NaCl-
NaBr, KCI-KBr, NaySO4-K;50,, and CaCl,-MgCl,, which are common electrolytic salts
found in seawater or are considered to be the primary cause of hard water, are summarized
in Figures 7 and 8 (for further details, see Table A3 in Appendix B).

O NaBr

A KBr

© Mixture of NaBr-KBr

& Mixture of NaCl-NaBr

X Mixture of KCI-KBr

x K2504

o Mixture Na2504-K2504

® Mixture of CaCl2-MgClI2

25

Figure 7. Equilibrium temperature of CPH in the presence of salts from the quick dissociation procedure.
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Figure 8. Equilibrium temperature of CPH in the presence of salts from the slow dissociation procedure.
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As previously indicated by Ho-Van et al., in the slow procedure, a drying oven and/or
ion chromatography were employed to verify the initial salt concentration and the salt
concentration of the solution taken at the equilibrium temperature. If these two values
are identical, no hydrate is present in the reactor, and the dissociation temperature is
then recorded. Consequently, the results are considered accurate and valuable. For our
investigation, the initial and final salt concentrations are nearly equivalent.

It can be clearly seen in Figures 7 and 8 that the experimental results following quick
dissociation procedure are slightly higher than the values obtained by the slow dissociation
procedure. The discrepancy between the measured data from both procedure ranges from
0 °C to 1.2 °C. Indeed, the quick dissociation procedure apparently misses and records
moderately late the actual equilibrium. Therefore, equilibrium data is more reliable and
consistent when obtained using a slower process than a quick one.

Several quick dissociation experiments in the presence of KBr and K,;SO, were re-
peated with different stirring speeds (400 rpm and 500 rpm). A slight difference was ob-
served between the obtained equilibrium temperatures. A higher stirring speed (500 rpm)
resulted in a decrease in equilibrium temperature of up to 0.9 °C compared to that ob-
served at 400 rpm. It is hypothesized that higher stirring speeds may have resulted in
more homogenous mixtures. This could have led to a kinetics change and a decrease in
the difference between the heat transfer rate from the surrounding environment to the
liquid phase and the heat transfer rate from the liquid phase to the hydrate crystal. For
all quick dissociation experiments that were performed later, a stirring speed of 500 rpm
was applied.

As illustrated in Figures 7 and 8, the equilibrium temperature is strongly influenced
by the salt concentration for all tested salt systems. A clear downward trend is observed as
the salt concentration increases. This behavior confirms that electrolytic salts significantly
affect hydrate formation [1]. It is widely recognized that they function as natural hydrate
inhibitors [1,2,4]. Electrolytes substantially impact water activity, thereby affecting the CPH
phase equilibria. The interactions between salt ions and the polar water molecules lead
to the formation of saltwater clusters, which inhibit water molecules from participating
in the hydrate structure. Additionally, the salting-out phenomenon—where the solubility
of a nonelectrolyte compound (CP, in this case) decreases as salt concentration increases—
causes a shift in the equilibrium temperature. Consequently, as salt concentration rises,
both the clustering effect and salting-out intensify, resulting in a decrease in the equilibrium
temperature of CPH.

It is also easy to see from the results that each salt exerts a distinct effect on the phase
equilibria at the same mass concentration. The mixture solution of CaCl,-MgCl, shows
a more significant influence compared to other solutions. By comparing the impact of
molarity on the water activity (the water activity is predicted by using the geochemical
model PHREEQC with the PITZER database) of salts sharing the same anion or cation group
with further support from the experimental data of Ho-Van et al. [27,30], the hindering
effect of cations and anions on phase equilibria is revealed (see in Appendices C and D).
The impact of cations on water activity is ranked as follows: Mg?* > Ca?* > Na* > K*.
A comparison of the charge density of the cations Mg?* (ionic radius equal 0.78 A), Ca%*
(1.00 A), Na* (1.02 A), and K* (1.38 A) reveals a direct proportionality between the charge
density and the hydrate inhibition effect. It can be posited that higher charge density can
lead to a stronger electrostatic interaction between the cations and the polarities of the water
molecules. Therefore, the higher charge density cations (smaller, highly charged cations)
have a stronger hydration shell than the lower charge density cations (larger, less charged
cations). However, in the series of potassium and sodium halide experiments, the Br~
anion shows a slightly stronger effect on the hydrate inhibition than the C1~ anion, while
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the charge density of the Br™ anion is less than that of the CI™ anion. Anions slow down the
reorientation of the O-H groups, thereby exerting an effect on the ambient water network
and resulting in the reduction in the hydrogen bonding strength of water molecules. Those
trends are in good agreement with K. M. Sabil et al. (CO, + THF hydrate in the presence of
NaCl, CaCl,, MgCl,, KB, NaF, KCl, and NaBr), M. Cha et al. (CHy hydrate in the presence
of NaCl, KCl, and NH4Cl), and Z. Ling et al. [39-41].

The temperature-concentration curves (Figure 7) exhibit a horizontal tendency at high
concentrations for CPH in 10 wt.% K;SO4 and 15 wt.% CaCly,-MgCl, solutions with the
quick dissociation procedure. This is probably due to the co-precipitation of salt hydrates
and hydrates [27]. When water and CP form hydrates, the residual solution will have a
higher salt concentration than the prepared salt concentration value, creating favorable
conditions for forming salt hydrates. As the cooling system shuts down, the CPH and
the salt hydrates dissociate simultaneously. At the recorded equilibrium temperature
(5.8 °C for a 10 wt.% of K»504 solution and 0.3 °C for a 15 wt.% CaCl,-MgCl, solution),
the hydrate is completely dissolved while the salt hydrate remains. Therefore, it can be
deduced that this temperature is not the equilibrium temperature for the concentration
of the prepared solution but for the lower one. This phenomenon should be taken into
account when treating these salt systems using CPH-based technology. Other methods,
such as membranes or reverse osmosis, could be combined to address this challenge and
achieve the desired level of water purity [17].

To assess reproducibility, five experiments (quick dissociation, with salt mixtures:
NaBr-KBr at 5 wt.%; NapySO4-K;SO4 at 3.5 wt.%; CaCl,-MgCl, at 5-10-15 wt.%) were
conducted in duplicate, and the results showed an error of less than 0.1 °C.

4. Modeling CPH Thermodynamic Equilibrium

Several approaches are employed to model the phase equilibrium of CPH in the
presence of salts. The first approach is based on Hildebrand and Scott’s equation and is
called the SFPD equation [42]. The second one, on the other hand, is based on a novel HLS
correlation discovered by Hu et al. [43—46]. The third is the Kihara approach [47]. The last
one is called ABOC. All these models are presented well by Ho-Van et al. in investigating
CPH in saline systems [27,30].

The results comparing the methods will be reported as the AAD in temperature
between the experimental data and predicted results, described as follows:

1

N
i=1

Ti,pred - Ti,exp (1)

where N is the number of equilibrium data points, and Tj preq and Tiexp are the predicted
and measured equilibrium temperature, respectively.

4.1. SFPD Approach

Ho-Van et al. [30] utilized Hildebrand and Scott’s equation [42,48], which is widely
employed for modeling solid-liquid equilibria of a pure solute in a solvent to express water
activity in salt solution with the presence of CPH:

AHg (T¢—T) | ACqH [(TfT— T) ln(Tfﬂ

1 =
MW = R LT R T

()

with R as the gas constant. The water activity (ay) can be calculated by using the geo-
chemical model PHREEQC with the PITZER database. The fusion temperature (T) is
279.95 K—determined by Ho-Van et al. [30] and Nakajima et al. [49]. AHy,, is the molar
enthalpy of dissociation in J/mole. The value of AHg, is accurately determined by Naka-



Water 2025, 17,2916

12 of 28

jima et al. [49]. The only unknown parameter is ACg,;,, the change in molar specific heat
between the subcooled liquid and solid in J/mole/K.

By using the experimental equilibrium temperature of CPH in the presence of sodium
chloride, Ho-Van introduced the correlation for ACg,, as follows:

ACq, =axexp(b xT) 3)
More details on SFPD approach can be found in the references [27,30].

4.2. HLS Correlation

The HLS correlation [43—46] is based on the fundamental principle of freezing point
depression, which for hydrates is equivalent to the suppression temperature from the
uninhibited system. At the equilibrium hydrate dissociation, the fugacity of water in the
solid (hydrate) phase and the liquid phase has to be equal.

£,(T,P) = (T, P) = x (T, P, )5 (T, ) @)

where x, and 7, are the mole fraction and activity coefficient of water, respectively.
f represents the fugacity for solid (S), liquid (L), and pure water (Ly). The following
assumptions have been considered: the system pressure and the composition of the hydrate
are constant, and there are no salts present in the hydrate structure.

The ratio of the pure phase fugacity to the Gibbs energy of fusion can be expressed

as follows: L
AfusG(T, P) — lan? (Tr P) (5)
RT £, (T,P)

By substituting the expression of enthalpy and entropy of fusion, we have the following:

fO(T,P) 1 T T T AG,

with Ty presenting the normal freezing temperature. The heat capacity difference between
pure water and solid crystal is denoted by AC,,. The heat capacity terms are generally
negligible due to their minute numerical values.

£,(T,P)

In-wr"/
££0 (T, P)

= In(x ) = In(aw) = — o= {AfusHGo) (1 - ;FO)} %

For gas hydrates, the enthalpy of fusion Ag,sH can be replaced by hydrate dissociation
enthalpy (AHgiss = Hgas + nHpy,0 — Hgas NHp,0). Consequently, the hydrate depression
temperature (AT = Ty — T) can be expressed by the following:

AT 1R

o0 Ry
ToT  AHge ®)

where Ty and T are the hydrate dissociation temperature with pure water and aqueous
salt solution, n is the hydration number, a,, is water activity, and AHg;ss is the hydrate
dissociation enthalpy.

Hu et al. [43] considered the hydrate number and hydrate dissociation enthalpy to be

constant. So B = Aﬁlj is only dependent on the hydrate former and hydrate structure.

Hu et al. also verified that the values of A{{‘I;_ for sl hydrates forming from different guest

molecules, such as CHy, ethane, and carbon dioxide, are pretty close. Therefore, 1 = %
1SS

is used to present this term for hydrate sl. Finally, the value of TAO% is only a function of water
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activity, which strongly depends on salt species and concentration. Effective mole fraction
(X) is introduced to describe the relationship between water activity and salt concentration.

x= ¥ %

j=salts i=ions

Zji X )
In this equation, z indicates the ion charge number, x is the mole fraction, and i and j
represent the ion and salt species, respectively.
The value of f‘ﬂ—TT then can be expressed as a polynomial equation in X. Therefore, the
HLS correlation for hydrate sl is as follows:

AT nR

— = — Inay = —Bilnaw= C1X + CrX* + C3X° 1
T,T AHdiSS Nay, ,B1 nayw= Ci X+ CX*+Cs ( 0)

with fitted coefficients C; = 0.0009377, C, = — 0.00267, and C3 = 0.03328 [43].
In the end, the hydrate formation temperature is as follows:

-1
T=T, [1 + (QTT)TO} (11)

Furthermore, they extended the HLS correlation for sII hydrate systems. For the same
salt species and concentration, the ratio of the values of fATTT for sl and sII hydrates are

AT n

(TO—T)H _ Rlnaw<AHdiss)H _ &
AT

(W)I Rlnaw(AHndiss>1 i

Two methods were proposed to determine the value of «. The first method is based

the following:

= (12)

on optimizing the value of « by minimizing the difference between the predicted and
experimental data of CH4-CyHg hydrate phase equilibria; « was determined to have a
value of 0.927. The second method is to evaluate the hydrate dissociation heat (measured
by differential scanning calorimetry or calculated from the Clausius-Clapeyron equation)
and hydration number for slI hydrate directly to calculate « from the ratio of 51 to 8.
This method can provide more accurate predictions if the hydrate dissociation heat and
the hydration number can be precisely measured. Then, the sII hydrate dissociation
temperature can be calculated from the following:

AT -1
T=T, {1 + (TOT>ITO:| (13)

For CPH phase equilibria for systems containing salts, no gas molecules are considered,
and the pressure dependency of CPH is negligible. Ho-Van et al. [27] checked Hu et al.’s
assumption in water + CP + salt systems. They found that the parameters furnished by Hu
et al. did not lead to a satisfactory simulation for CPH formation temperature. Using the
experimental equilibrium temperature of CPH in the presence of NaCl, KCl, CaCly, and
MgCl,, Ho-Van found that f‘O—Tr was strongly correlated to the effective mole fraction (X)
and can be expressed as follows:

AT
T = 0.000956623X + 0.00059779X? + 0.01897593X3 (14)
0

Further details on HLS correlation can be found in the references [27,43-46].
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4.3. Kihara Approach

Phase equilibria are described by the equality of chemical potentials of water in
aqueous () and hydrate phase (ui):

Wy = Hw (15)

The thermodynamic model developed by van der Waals and Platteeuw [47] is widely
used to correlate and predict clathrate hydrate equilibrium. This approach is based on the
Gibbs-Duhem equation for the water liquid phase and statistical thermodynamics for the
hydrate phase with the following assumptions:

(i) Each cavity encloses only one guest molecule

(if) The interaction between the guest molecule and the cavity can be described by a pair
of the potential functions of the pair guest molecule

(iii) The cavities are perfectly spherical

(iv) Guest molecules do not deform cavities

(v) There is no interaction between the guest molecules in different cavities.

The phase equilibrium can be written by introducing a hypothetical reference state (3
state), which corresponds to the hydrate phase with empty cavities:

Aty P = Ay (16)

with AyIV{\]_ﬁ as the difference between the chemical potential of water in the hydrate phase
P

potential of the liquid phase and the chemical potential of the hypothetical phase.

and the potential of the hypothetical 3 phase. Ay%v_ is the difference between the chemical

Liquid phase
p

using the Gibbs-Duhem equation [50]:

As mentioned above, Ay%\,_ can then be calculated from classical thermodynamics by

L L
L-p ap? 0,p0 T Aby " P P LB 1
Apw & = TT - T/To TdT - /Po Avw ‘TdP — RT Inay, T, A7)

where Ty = 273.15 K and Py = 0 are reference conditions. a is water activity in the

1
w |T,P
liquid phase at the temperature T and pressure P. The water activity can be rewritten as the

product of the mole fraction of water in the liquid phase (x}) and the activity coefficient

of water (1w); therefore, al, = ywxL,. If the aqueous phase is considered ideal, then the

L ~,L L*ﬁ’
T

activity coefficient can be set to 1, resulting in ay, = xy,. Avy represents the molar

volume difference between the liquid and reference phase, which has been measured with

high accuracy via X-ray diffraction by von Stackelberg [51]. A y%\,_ﬁ is the chemical

T0,p0
potential difference between water in the liquid phase and water in the hydrate phase at

the reference state. Ah%v_ﬁ ‘PO is the difference between the molar enthalpy of two phases,
which by Sloan [1] had been refined as follows:

"ACkA | ar 18
| AR, (18)

ToPo Ty

L- L—-
Ahw,n‘lf P = Ahw,n‘ll3

0

By assuming linear dependence of AC;‘,—\,,ﬁm (the molar calorific capacity difference
between liquid and reference phase), the following is obtained:
L- L
AChwhn| = ACHn

,m
Py

+ b (T —To) (19)

ToPo
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Hence, the difference in the chemical potential of the liquid phase and the chemical
potential of the hypothetical phase can be rewritten as follows:

L-p
Attw ‘TO,PU L—p L—-p
— + bp,W Ty — ACPW,m

T , 13,8

_ 1pL=Bp 2 _ T\ (20
T0P0>T° b 1y )(1 TO) )

Mg P=T

+ (Ah&v;ﬁ + (b;WﬁTO — AChn
ToPo

+aviE ‘T (P — Pg) — RTInxk
0

Sloan [1] calculated the reference properties of hydrate. Thermodynamic properties of
liquid compared to the reference phase are taken from the parameter of Handa et Tse [52],
which is the most suitable set for modeling pure hydrates [50]. All parameters are listed
in Table 2.

Table 2. Thermodynamic and reference properties of hydrate (sII only).

Parameter Unit Value Citation
Ahly B J/mol Al P L — 6011 [1]
oo
L—p
AChulm |, J/mol.K —38.12 [1]
by J/mol/K> 0.141 [1]
Avig b 10~6 m3/mol 4.99644 [1]
0
Ay P o J/mol 1068 [52]
AL P J/mol 764 [52]
ToPo
Hydrate phase

In the van der Waals and Platteeuw model [47], the difference between the chemical
’)

potential of water in the hydrate phase and 3 phase (A‘u‘l,{\f is expressed as follows:

Ay P = RTY_ viln <1 - Ze;) 1)
1 ]

where R is the universal gas constant (8.314 J/mol/K). v; is the number of cavities of type i
per mole of water. In the case of CPH, v; = 8/136 because CP occupies the big cavities (5'26%)
of sl hydrates. Gji € [0,1] is the occupancy factor of type i cavities by the CP molecule (guest
molecule j). The occupancy factor is written from the Langmuir adsorption approach:

Cifi(T, P)

e L LIULE (22)
1+ L Cifi(T,P)

where f; is the fugacity of the guest molecule. Cji is the Langmuir constant of j in cavities of
type i. From the integration of the interaction potential, the Langmuir constant is expressed

i 4m (Rea w(r)\ 2
Cj ~ Tl exp(m)r dr (23)

as follows:

where kg is the Boltzmann constant. r is the distance from the center of the cavity. R is the
empty cavity radius, and a is the hard-core radius defined in the Kihara potential. w(r) is
the interaction potential between the guest molecule and the cavity based on the distance
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between the guest molecule and the water molecule in the structure. The Parish and
Prausnitz (or Kihara) model [53] is the most precise to determine the interaction potential.

W) = 2ee[ S (504 29) - & (544 25)] @
A I @

The parameters ¢, 0, and a are so-called Kihara parameters. ¢ is the maximum attractive
potential, ¢ is the distance from the cavity center, and a is the hard-core radius. So, the
interaction potential depends on only the properties of the guest molecule (via Kihara
parameters) and the geometrical properties of the cavities. Ho-Van et al. [30] sought to
optimize epsilon (¢) and sigma (0) by minimizing the AAD between the predicted and
experimental dissociation temperature of CPH in the presence of NaCl (Table 3).

Table 3. Optimized Kihara parameters for CPH system [30].

Kihara Parameter Unit Value Citation
a A 0.8968 [54]
o A 2.72 [30]
e/kp K 265.5 [30]

Both chemical potentials of water in the liquid and the hydrate phase (1, and pi}) are
the function of the temperature and the salt concentration. In the liquid phase, only the
temperature and the water activity (salt concentration) are significant variables. For the
hydrate part, Kihara parameters for each guest molecule are unique. Therefore, the hydrate
potential is determined by the CP fugacity, which is only dependent on temperature in this
case. Therefore, the temperature can be calculated from a given salt concentration through
the van der Waals equation or the opposite. More details on the Kihara approach can be
found in the references [27,30].

4.4. ABOC Approach

The fourth approach is analogous to the third one based on the equality of chemical
potential. Instead of expressing the occupancy factor by the Langmuir adsorption approach
and using the Kihara parameters (¢, o, and a), Ho-Van et al. [30] applied a simpler approach.
For the difference between the chemical potential of water in the hydrate phase and 3
phase (Ay%_ﬁ ), they suggested expressing the occupancy of CP by a function of the water
activity. The impact of CP on hydrate chemical potential is obscured in the correlation
parameters. The correlation is expressed as follows:

f(aw) = m x (aWZ) +nx (aw) +p (26)

Ho-Van used the experimental equilibrium temperatures of CPH in the presence
of NaCl to obtain the correlation coefficients (m = —0.0004772, n = 0.0004731, and
p = 0.9998800). Further details on the ABOC approach can be found in references [27,30].

5. Modeling Results
5.1. SFPD Approach

The equilibrium temperatures obtained from experimental data are presented along-
side those predicted by the SFPD approach in Figure 9 (further details in Table 4 or Table AS,
Appendix E). The AAD is 0.21 °C for the CPH in the K;SO4 and NaCl-NaBr solution, which
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is likely similar to the case of KBr, NapySO4-K»SO4, and NaBr-KBr (0.23 °C). For the NaBr
salt and the mixture of CaCl,-MgCly, this value is 0.42 °C and 0.27 °C, respectively. The
smallest AAD is 0.20 °C for CPH in the KCI-KBr solution. These results indicated that
the phase equilibrium temperatures were adequately replicated by the SFPD approach.
Nevertheless, a considerable discrepancy (0.84 °C) was observed between the modeling
and experimental data concerning 10 wt.% NaBr solution.

= = = Pred. In NaBr
&  acaa Pred. In KBr
--------- Pred. In K2504
6
§§5%§?9 =« = Pred. In CaCI2-MgCI2
-~
N ST X = .« « Pred. In Nabr-KBr
4 S.CS
d . SSASC
W :&%\E\-‘\o = = =Pred. In Na2504-K2504
. X > ~
2 N TS s Ng\\\‘ = « = Pred. In NaCI-NaBr
(N ~
AN T e Pred. In KCI-KBr
0 ’ % \\ x  Exp.In NaBr
N b |
2 . ¢ Exp.InKBr
- S
S O  Exp.InK2504
4 "\ A Exp.In CaCl2-MgCI2
A Exp. In NaBr-KBr
-6 ®  Exp. In Na2504-K2504
0.0 5.0 10.0 15.0 20.0 250 x  Exp.InNaCl-NaBr
Salt concentration (wt.%) B Exp.In KCI-KBr

Figure 9. Experimental and predicted equilibrium temperature of CPH in the brine solution according
to the SFPD approach.

Table 4. The AAD (°C) of different approaches for predicting CPH equilibrium temperature.

SFPD HLS Kihara ABOC

Approach Correlation Approach Approach
NaBr 0.42 0.42 0.24 0.38
KBr 0.23 0.23 0.25 0.25
K;5S04 0.21 0.69 0.31 0.10
CaCl,-MgCl, 0.27 0.76 0.11 0.27
NaBr-KBr 0.23 0.28 0.49 0.19
NayS04-K;504 0.23 0.79 0.28 0.12
NaCl-NaBr 0.21 0.13 0.19 0.24
KCI-KBr 0.20 0.30 0.13 0.22

5.2. HLS Correlation

AT
W VS.

effective mole fraction and the CPH depression temperature (experimental data) vs. the
effective mole fraction of NaBr, KBr, K,50O,, and mixture of CaCl,-MgCl,, NaBr-KBr,
NayS04-K;504, NaCl-NaBr, and KCI-KBr. It is evident that the experimental data strongly
converge to the fitted curve, thereby substantiating the precision of the fitted coefficients
Cl, Cz, and C3.

Figure 10 shows the fitted polynomial line given by the equation between
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Figure 10. Experimental data of CPH in the presence of salts with the universal curve from HLS
correlation of CPH hydrate.

Figure 11 presents the experimental and modeling hydrate equilibrium tempera-
tures of the HLS correlation (more details in Table 4 or Table A8, Appendix E). Model-
ing results demonstrate a good agreement with the experimental equilibrium tempera-
tures for the system containing NaBr (AAD = 0.42 °C), KBr (AAD = 0.23 °C), NaBr-KBr
(AAD =0.28 °C), NaCl-NaBr (AAD = 0.13 °C), and KCI-KBr (AAD = 0.30 °C). Unfortu-
nately, the HLS correlation modeling method provides less reliable predictions in the case
of K;SO4 (AAD = 0.69 °C) and the mixture of CaCl,-MgCl, (AAD = 0.76 °C) and NaSO;-
K;S04 (AAD = 0.79 °C). The inaccuracy of this method for MgCl, was also observed by
Hu et al. [43] and Ho-Van et al. [27].
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Figure 11. Experimental and predicted dissociation temperature of CPH in the brine solution
according to the HLS correlation.
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5.3. Kihara Approach

The Kihara modeling method shows high agreement between measured and predicted
values. The maximum AAD is 0.31 °C for CPH in the presence of K,SO4 and 0.49 °C for
CPH in the presence of NaBr-KBr. For NaBr, KBr, and Na;SO4-K»SO4 solutions, the AADs
are 0.24 °C, 0.25 °C, and 0.28 °C, respectively. Furthermore, for the mixture of CaCl,-MgCl,,
KCI-KBr, and NaCl-NaBr, these values are only 0.11 °C, 0.13 °C, and 0.19 °C (see Figure 12,
more details in Table 4 or Table A8, Appendix E).
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B S ¢ |
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Figure 12. Experimental and predicted dissociation temperature of CPH in the brine solution
according to the Kihara approach.

5.4. ABOC Approach

The results of the ABOC are shown in Figure 13 (further details in Table 4 or Table A8,
Appendix E). As with the Kihara approach, the ABOC results agree well with the exper-
imental equilibrium temperature. The AAD is about 0.10 °C for CPH in the presence of
K550y, 0.12 °C for NaySO4-K5S0y, 0.19 °C for NaBr-KBr, 0.22 °C for KCI-KBr, 0.24 °C for
NaCl-NaBr, 0.25 °C for KBr, 0.27 °C for CaCl,-MgCl, and about 0.38 °C for NaBr. However,
the maximum AAD in this approach is 0.85 °C for 10 wt.% NaBr solution.

Table 4 lists the AAD between the results of the four simulation methods and the
experimental data (additional details concerning each salt concentration are shown in
Table A8, Appendix E). All four approaches demonstrate a reliable capacity to predict the
hydrate formation temperature of CPH in the presence of various salts with an AAD less
than or equal to 0.79 °C. The Kihara and ABOC methods yield good predictions with an
AAD less than or equal to 0.49 °C and 0.38 °C, respectively. However, the ABOC method is
simpler than the Kihara method. The HLS correlation is notable for its simplicity and ease
of use; however, it shows relatively high AADs for certain salts, such as the Na;SO,4-K;S04
and CaCl,-MgCl, mixture (with an AAD equal to 0.79 °C and 0.76 °C, respectively). The
10 wt.% NaBr solution exhibits significant absolute errors across all four modeling methods,
likely due to experimental uncertainties (see Table A8, Appendix E). The SFPD model
shows relatively good agreement with the experimental data, with an AAD of less than or
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equal to 0.42 °C for all salt systems tested. Overall, the ABOC method is considered the
most reliable, as it provides the most accurate data at high salt concentrations and performs

reasonably well across all salt systems at lower concentrations (with an AAD less than or
equal to 0.38 °C).
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Figure 13. Experimental and predicted dissociation temperature of CPH in the brine solution
according to the ABOC approach.

6. Conclusions

The thermodynamic equilibrium temperatures of CPH in saline solutions determined
(by quick dissociation procedure) for NaBr (at concentrations from 3.5 wt.% to 20 wt.%),
KBr (3.5 wt.% to 20 wt.%), K2SO4 (3.5 wt.% to 10 wt.%), CaCl,-MgCl, (3.5 wt.% to 15 wt.%),
NaBr-KBr (3.5 wt.% to 20 wt.%), NaCl-NaBr (3.5 wt.% to 20 wt.%), KCI-KBr (3.5 wt.% to
20 wt.%), and NaySO4-K;504 (3.5 wt.% to 7.0 wt.%) ranged from 6.3 °C to 0.3 °C, 6.4 °C to
14°C,6.6°Ct05.8°C,5.6°Ct00.3°C,6.3°Cto0.4°C,6.1°Cto—-3.1°C,6.1°Cto—0.8°C,
and 6.4 °C to 5.5 °C, respectively. The slow procedure reported that the thermodynamic
equilibrium temperatures of CPH in the presence of salts determined for NaBr (3.5 wt.% to
20 wt.%), KBr (3.5 wt.% to 20 wt.%), K,SO4 (3.5 wt.% to 7.5 wt.%), CaCl,-MgCl, (3.5 wt.%
to 10 wt.%), NaBr-KBr (3.5 wt.% to 15 wt.%), NaCl-NaBr (3.5 wt.% to 20 wt.%), KCI-KBr
(3.5 wt.% to 20 wt.%), and NaySO4-Kp504 (3.5 wt.% to 7.0 wt.%) ranged from 6.2 °C to
—09°C,59°Cto11°C,63°Ctob54°C, 56°Ctol1l°C,53°Ctol9°C, 56 °C to
—4°C,59 °Cto —0.9 °C, and 6.1 °C to 5.4 °C, respectively. The quick procedure data
are slightly higher than the slow ones, ranging from 0 °C to 1.2 °C. This discrepancy is
likely due to the inability of the quick method to reach true equilibrium, as a result of
the rapid dissociation rate. Our new experimental data on CPH equilibrium in new brine
solutions show excellent accuracy and reproducibility, emphasizing the reliability of our
methodology and experimental systems.

The experimental results indicate that the inhibition effect of salts on hydrate’s phase
equilibria varies depending on salt ions and their concentration, primarily due to clustering
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and salting-out phenomena. The higher initial concentration leads to a lower dissociation
temperature. It is also observed that the CI™ anion has a lesser impact on the phase
equilibrium of CPH compared to the Br~ anion. Among the cations studied, Mg?* cation
exerts the most significant inhibitory effect on the equilibrium temperature, followed by
Ca?* cation, Na* cation, and K* cation, in decreasing order of influence.

The experimental results were also modeled using four different thermodynamic
approaches: The SFPD approach, the HLS correlation, the Kihara approach, and the ABOC.
All four modeling approaches show good agreement with the experimental data obtained
from the slow dissociation procedure, with AADs less than or equal to 0.79 °C. Among
them, the ABOC method proves to be the most reliable for accurately predicting the
equilibrium temperatures of CPH in various brine solutions (with AAD less than or equal
to 0.38 °C). At high salt concentrations, this model provides the most accurate data, while
at low concentrations it performs reasonably well across all salt systems.

In addition, our four models have been validated and are considered reliable tools
for predicting data, which is crucial for designing commercial desalination plants based
on hydrates. The process operates at low temperatures and atmospheric pressure, requir-
ing minimal energy. Moreover, it does not require specialized high-pressure equipment,
allowing the use of low-cost materials and ensuring safer operation.

The future work of this study could be thermodynamic experiments, modeling on CPH
in the presence of new multi-salt mixtures that are close to real seawater concentrations. The
optimization of modelling is needed for CPH in the presence of all salt systems to reduce
the AAD. This is important to predict the thermodynamic equilibrium points of CPH in
the presence of many salt systems at a wide range of concentrations. Based on that, kinetic
study can be performed and optimized at real conditions for practical HBD applications.
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Appendix A Initial Conditions for Experiments

Table A1l. Initial conditions for quick dissociation procedure experiments.

No. wt.% NaCl b NaBr b KBr? KC1 b MgClz CaClz b Na;SOy4 K,SO4 Mgolution Mg,it add Mjce add mcp €
) e ® ® (® (® ® (g ® ° (g ® (g ® (g ® (g °(® (mL)

1 0.0 0 0 0 0 0 0 0 0 400 0 3 121.54
2 3.5 0 14.51 0 0 0 0 0 0 414.53 0.11 3 121.54
3 5.0 0 21.05 0 0 0 0 0 0 421.11 0.16 3 121.54
4 10.0 0 4444 0 0 0 0 0 0 444.47 0.33 3 121.54
5 150 0 7057 0 0 0 0 0 0 470.67 0.53 3 12154
6 20.0 0 99.97 0 0 0 0 0 0 500.27 0.75 3 121.54
7 3.5 0 0 14.51 0 0 0 0 0 414.51 0.11 3 121.82
8 5.0 0 0 21.05 0 0 0 0 0 421.02 0.16 3 121.82
9 10.0 0 0 4444 0 0 0 0 0 444.44 0.33 3 121.82
10 150 0 0 70.59 0 0 0 0 0 470.59 0.53 3 121.82
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Table A1l. Cont.
No wt.% NaCl b NaBr b KBr b KCl b MgClz CaC]z b Na;SO4 K2504 Mgolution Mg,)t add Mjce add mcp ¢
) ade (3] (8 (g (g b (g) (g) b (g) b (g) (g b(g) b (g) (mL)
11 20.0 0 0 100 0 0 0 0 0 500 0.75 3 121.82
12 35 0 0 0 0 0 0 0 14.51 414.51 0.11 3 121.82
13 5.0 0 0 0 0 0 0 0 21.05 421.05 0.16 3 121.82
14 75 0 0 0 0 0 0 0 32.42 432.43 0.24 3 121.82
15 10.0 0 0 0 0 0 0 0 44.44 444 .44 0.33 3 121.82
16 35 0 0 0 0 14.51 0 0 414.51 0.11 3 121.82
17 5.0 0 0 0 0 21.05 0 0 421.05 0.16 3 121.82
18 7.5 0 0 0 0 3243 0 0 432.43 0.33 3 121.82
19 10.0 0 0 0 0 44.44 0 0 444.44 0.53 3 121.82
20 15.0 0 0 0 0 70.59 0 0 470.59 0.75 3 121.82
21 35 0 14.51 0 0 0 0 0 414.51 0.11 3 121.82
22 5.0 0 21.05 0 0 0 0 0 421.05 0.16 3 121.82
23 10.0 0 44.44 0 0 0 0 0 44444 0.33 3 121.82
24 15.0 0 70.59 0 0 0 0 0 470.59 0.53 3 121.82
25 20.0 0 100 0 0 0 0 0 500 0.75 3 121.82
26 35 0 0 0 0 0 0 14.51 41451 0.11 3 121.82
27 5.0 0 0 0 0 0 0 21.05 421.05 0.16 3 121.82
28 7.5 0 0 0 0 0 0 3243 432.43 0.24 3 121.82
29 3.5 7.25 7.25 0 0 0 0 0 0 4145 0.11 3 121.82
30 5.0 10.53 10.53 0 0 0 0 0 0 421.06 0.16 3 121.82
31 10.0 22.22 22.22 0 0 0 0 0 0 444 .44 0.33 3 121.82
32 15.0 35.29 35.29 0 0 0 0 0 0 470.58 0.53 3 121.82
33 20.0 50 50 0 0 0 0 0 0 500 0.75 3 121.82
34 3.5 0 0 7.25 7.25 0 0 0 0 4145 0.11 3 121.82
35 5.0 0 0 10.53 10.53 0 0 0 0 421.06 0.16 3 121.82
36 10.0 0 0 22.22 22.22 0 0 0 0 444 .44 0.33 3 121.82
37 15.0 0 0 35.29 35.29 0 0 0 0 470.58 0.53 3 121.82
38 20.0 0 0 50 50 0 0 0 0 500 0.75 3 121.82
Note(s): ® Uncertainty due to weighing: +0.002%; ® uncertainty due to weighing: +0.01 g; ¢ uncertainty due to
weighing: £0.01 mL; d uncertainty due to drying oven for slow dissociation procedure: -0.2%; ¢ uncertainty due
to ion chromatography: £0.015%.
Table A2. Initial conditions for slow dissociation procedure experiments.
No. wt.% NaClP® NaBr? KBr? KC1b MgCl, CaCl,® NaSO;  KzSO;  Mgolution  Mealtadd  Miceadd mcp ®
’ acde (g (g (g (8 b (g) (g) b (g) b (g) b (g) b (g) b (g) (g
1 0.0 0 0 0 0 0 0 0 0 600 - 5
2 3.5 0 16.9767 0 0 0 0 0 0 485.0767 - 3.8
3 5.0 0 30.0879 0 0 0 0 0 0 600.2 - 1.6
4 10.0 0 60.278 0 0 0 0 0 0 602.77 - 1
5 15.0 0 90.04 0 0 0 0 0 0 600.95 0.87 49
6 20.0 0 100.367 0 0 0 0 0 0 500.17 - 1.689
7 3.5 0 0 17.656 0 0 0 0 0 503.22 - 1.134
8 5.0 0 0 25.104 0 0 0 0 0 500.14 - 0.976
9 10.0 0 0 50.121 0 0 0 0 0 500.28 - 043
10 15.0 0 0 75.119 0 0 0 0 0 500.11 - 0.7
11 20.0 0 0 100.22 0 0 0 0 0 499.97 - 0.544
12 3.5 0 0 0 0 0 0 0 21.03 600.41 - 0.5 52.67
13 5.0 0 0 0 0 0 0 0 30 600 - 1.2 52.67
14 7.5 0 0 0 0 0 0 0 45.01 600.49 - 0.2 49.45
15 35 0 0 0 0 10.5 10.53 0 0 601.76 - 1 48.11
16 5.0 0 0 0 0 15 15.03 0 0 603.35 1.16 44.28
17 75 0 0 0 0 225 22.52 0 0 600.12 - 24 44.15
18 10.0 0 0 0 0 30 30.01 0 0 600.52 - 1.6 48.39
19 35 0 17.50 17.50 0 0 0 0 0 1000.27 0 0.16
20 5.0 0 15.00 15.02 0 0 0 0 0 600.11 0 0.26
21 10 0 30.00 30.02 0 0 0 0 0 600.19 0 0.08
22 15 0 45.01 44.99 0 0 0 0 0 600.04 0 0.10
23 35 0 0 0 0 0 0 17.5 17.51 1000.01 - 1.18
24 5 0 0 0 0 0 0 25.05 25 1005.82 - 1.13
25 7.5 0 0 0 0 0 0 37.6 37.04 1000.29 - 1.06
26 3.5 175 17.518 0 0 0 0 0 0 1000.05 - 0.77
27 5 25 25 0 0 0 0 0 0 1000.08 - 0.57
28 10 50.01 50.01 0 0 0 0 0 0 1000.53 - 0.71
29 15 75.01 75.02 0 0 0 0 0 0 1002.73 - 1.8
30 20 100 100.02 0 0 0 0 0 0 1000.02 - 3.32
31 3.5 0 0 17.56 17.54 0 0 0 0 1000.05 - 1.54
32 5 0 0 25.01 25 0 0 0 0 1000.26 - 1.06
33 10 0 0 50 50.02 0 0 0 0 1001.37 - 1.38
34 15 0 0 75.008 74.448 0 0 0 0 1025.25 - 1.37
35 20 0 0 100.07 100.28 0 0 0 0 1000.35 - 1.38

Note(s): * Uncertainty due to weighing: +0.002%; ® uncertainty due to weighing: +0.01 g; ¢ uncertainty due to
weighing: £0.01 mL; ¢ uncertainty due to drying oven for slow dissociation procedure: £0.2%; ¢ uncertainty due
to ion chromatography: £0.015%.
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Appendix B Experimental Results

Table A3. Equilibrium dissociation temperature of CPH in the presence of NaBr, KBr, K;SO4, NaBr—
KBr, NaCl-NaBr, KC1-KBr, Na;SO4-K5S04, and CaCl,-MgCl,.

Solution Concentration (wt.%)

Te-quick 2(°0

Te-quick (0 Te-slow

NaCl b,c,d NaBr b,c,d KBr b,cd KCl1 b,cd MgClz b,c,d CaClz b,cd Ni%c?:l04 K2504 b,cd (400 rpm) (500 rpm) a (OC)
0 0 0 0 0 0 0 0 7.3 - 7
0 3.50 0 0 0 0 0 0 6.3 - 6.2
0 5.00 0 0 0 0 0 0 5.9 - 5.7
0 10.00 0 0 0 0 0 0 4.6 - 4.4
0 15.00 0 0 0 0 0 0 2.3 - 1.2
0 20.00 0 0 0 0 0 0 0.3 - —-0.9
0 0 3.50 0 0 0 0 0 6.6 6.4 5.9
0 0 5.00 0 0 0 0 0 6.2 6 5.6
0 0 10.00 0 0 0 0 0 5.2 4.7 4.5
0 0 15.00 0 0 0 0 0 3.5 3 3
0 0 20.00 0 0 0 0 0 2.3 14 1.1
0 0 0 0 0 0 0 3.50 6.6 6.6 6.3
0 0 0 0 0 0 0 5.00 6.4 6.2 5.9
0 0 0 0 0 0 0 7.50 - 5.9 5.4
0 0 0 0 0 0 0 10.00 - 5.8 -

0 0 0 0 1.75 1.75 0 0 5.6 5.6
0 0 0 0 2.50 2.50 0 0 - 4.8 49
0 0 0 0 3.75 3.75 0 0 - 3.3 32
0 0 0 0 5.00 5.00 0 0 - 1 1.1
0 0 0 0 7.50 7.50 0 0 - 0.3 -
0 1.75 1.75 0 0 0 0 0 6.3 5.3
0 2.50 2.50 0 0 0 0 0 - 5.8 5.5
0 5.00 5.00 0 0 0 0 0 - 44 3.8
0 7.50 7.50 0 0 0 0 0 - 24 1.9
0 10.00 10.00 0 0 0 0 0 0.4 -
0 0 0 0 0 0 1.75 1.75 - 6.4 6.1
0 0 0 0 0 0 2.50 2.50 - 6.1 5.9
0 0 0 0 0 0 3.75 3.75 - 5.5 5.4
1.75 1.75 0 0 0 0 0 0 - 6.1 5.6
2.50 2.50 0 0 0 0 0 0 - 5.3 4.9
5.00 5.00 0 0 0 0 0 0 - 2.7 2.5
7.50 7.50 0 0 0 0 0 0 - —0.2 —0.5
10.00 10.00 0 0 0 0 0 0 - -3.1 —4.0
0 0 1.75 1.75 0 0 0 0 - 6.1 5.9
0 0 2.50 2.50 0 0 0 0 - 5.5 5.6
0 0 5.00 5.00 0 0 0 0 - 3.7 34
0 0 7.50 7.50 0 0 0 0 - 1.2 1.6
0 0 10.00 10.00 0 0 0 0 - —0.8 —-0.9
Note(s): Where Te.quick and Te slow are the equilibrium temperatures following the quick and the slow procedures;
2 uncertainty of temperature measurements: +0.1 °C; b uncertainty due to weighing: £0.002%; ¢ uncertainty due
to dry oven: £0.2%; d uncertainty due to ion chromatography: £0.015%.
Appendix C Equilibrium Temperature of CPH in the Presence of
Na,S04, CaCl,, MgCl,, NaCl, and KCl [27,30]
Table A4. Equilibrium temperature of CPH in the presence of Na;SO4, CaCl,, MgCl,, NaCl, and KCL
Concentration 2P

in Na,S04 4 (°C)

in CaCl, 4 (°C)

in MgCl, 4 (°Q)

in NaCl4 (°C)

inKCl14 (°Q)

(wt.%)

0 7.1 7.1 7.1 7.1 7.1
1 6.7 6 6.7 6.4 6.9
2 6.4 6.3 6.2 59 6.1
3.5 6 5.6 52 5 55
5 5.6 49 43 4.1 49
6 53 - - - -

8 - 3.3 2.1 24 3.6
10 - 1.8 0 0.9 24
12 - 0.1 22 —04 14
14 - -1.9 5.2 -1.8 0.4
16 - —4 -8.7 -3.8 -0.5
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Table A4. Cont.

Concentration &

b,c

in Na,S04 4 (°C)

in CaCl, 4 (°C)

in MgCl, 4 (°Q)

in NaCl14 (°C)

inKC14 (°Q)

(wt.%)
18 - —6.7 —-12.7 -53 -19
20 - —9.6 —-17.6 —7.8 -3
22 - —13.2 - —10.2 -
23 - —15.1 - —11.6 -
25 - —-19.6 - - -
Note(s): # Uncertainty due to weighing: £0.002%; b uncertainty due to dry oven: £0.2%; © uncertainty due to ion
chromatography: £0.015%; ¢ uncertainty of temperature measurements: £0.1 °C.
Appendix D Molarity, Water Activity, and Effective Mole Fraction
Table A5. Molarity, water activity, and effective mole fraction (X).
K;S04 KBr NaBr-KBr NaBr
Concentration Wat Wat Wat Wat
(Wt.%) . ater . ater . ater . ater
° Molarity Activity X Molarity Activity X Molarity Activity X Molarity Activity
0 0 1 0 0 1 0 0 1 0 0 1 0
35 0.208 0.992 0.015 0.305 0.99 0.011  0.329 0.989 0.012  0.353 0.988 0.013
5 0.302 0.989 0.022 0442 0.986 0.016 0477 0.984 0.017  0.512 0.983 0.018
7.5 0.465 0.983 0.033 - - - - - - - - -
10 0.638 0.978 0.045 0.934 0.97 0.033  1.007 0.967 0.036  1.08 0.964 0.038
15 - - - 1.483 0.953 0.052  1.599 0.948 0.056 1.715 0.941 0.060
20 - - - 2.101 0.934 0.073  2.265 0.925 0.078 243 0.914 0.084
Table A6. Molarity, water activity, and effective mole fraction (X) (continued).
NaCl-NaBr KCI1-KBr CaCl,-MgCl, NapS04-K,S0y4
Concentration Wat Wat Wat Wat
(Wt.%) . ater . ater . ater . ater
o Molarity Activity X Molarity Activity X Molarity Activity X Molarity Activity X
0 0 1 0 0 1 0 0 1 0 0 1 0
35 0.487 0.984 0.017  0.39 0.987 0.014 0.354 0.983 0.025 0.232 0.991 0.017
5 0.706 0.977 0.025 0.574 0.982 0.020 0.514 0.974 0.037  0.336 0.988 0.024
7.5 - - - - - - 0.791 0.957 0.057  0.518 0.982 0.037
10 1.491 0.95 0.052 1.212 0.962 0.043  1.084 0.936 0.077 - - -
15 2.367 0.919 0.082  1.925 0.94 0.067  1.722 - - - - -
20 3.354 0.881 0.114 2.727 0.915 0.094 - - - - - -
Table A7. Molarity, water activity, and effective mole fraction (X) (continued).
Na;SOy4 CaCl, MgCl, NaCl KCl1
wt.% . Water . Water . Water . Water .. Water
Molarity Activity X Molarity Activity X Molarity Activity X Molarity Activity X Molarity Activity X
0 0 1 0 0 1 0 0 1 0 0 0 0 1 0
1 0.071 0.997 0.005 0.091 0.996 0.007 0.106 0.995 0.008 0.173 0.994 0.0062 0.135 0.996 0.0049
2 0.144 0.994 0.01 0.184 0.991 0.013 0.214 0.99 0.015 0.349 0.989 0.0125 0.274 0.991 0.0098
35 0.255 0.99 0.018  0.327 0.984 0.023 0.381 0.981 0.027  0.621 0.98 0.0221 0.487 0.984 0.0174
5 0.371 0.986 0.027 0474 0.977 0.034 0553 0.971 0.039 0.901 0.971 0.0319 0.706 0.978 0.0251
6 0.449 0.984 0.032 - - - 0.67 0.048 - - - - - -
8 - - - 0.784 0.959 0.056 0.913 0.947 0.065 1.489 0.951 0.0522 1.166 0.963 0.0411
10 - - - 1.001 0.944 0.071 1.167 0.926 0.082 1.903 0.937 0.0662 1.49 0.954 0.0523
12 - - - 1.229 0.927 0.087 1.432 0.902 0.101 2.335 0.922 0.0807 1.829 0.943 0.0638
14 - - - 1.467 0.907 0.103 1.71 0.872 0.119 2.788 0.906 0.0956 2.184 0.932 0.0756
16 - - - 1.716 0.885 0.12 2.001 0.838 0.139 3.262 0.888 0.1109 2.555 0.921 0.0879
18 - - - 1.978 0.859 0.138 2.306 0.798 0.159 3.759 0.869 0.1267 2.944 0.909 0.1007
20 - - - 2.253 0.83 0.156  2.626 0.751 0.181 4.281 0.848 0.1431 3.353 0.896 0.1139
22 - - - - - - - - - 4.83 0.824 0.16 - - -
23 - - - - - - - - - 5.115 0.812 0.1686 - - -
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Appendix E Modeling Results of CPH in the Presence of Salts

Table A8. Modeling results of CPH in the presence of salts.

Solution Concentration (wt.%) SFPD HLS Kihara ABOC

NaCl NaBr KBr KC1 MgCl, CaCl, Na,SO; K,SO,4 Texp Tpred AT Tpred AT Tpred AT Tpred AT
wt.%)  (wt.%) (wt%) (wt%) (wWt%) (wt%) (wWt%) (wt.%) “Q) Q) Q) Q) “Q) Q) Q) Q) “Q)

0 0 0 0 0 0 0 0 7 6.8 0.2 6.8 0.2 7.3 0.3 6.88 0.12
0 3.50 0 0 0 0 0 0 6.2 5.65 0.55 5.82 0.38 6.17 0.03 5.78 0.42
0 5.00 0 0 0 0 0 0 5.7 5.2 0.5 5.43 0.27 5.7 0.00 5.32 0.38
0 10.00 0 0 0 0 0 0 4.4 3.56 0.84 3.83 0.57 3.88 0.52 3.55 0.85
0 15.00 0 0 0 0 0 0 1.2 1.55 0.35 1.9 0.7 1.69 0.49 1.37 0.17
0 20.00 0 0 0 0 0 0 —09  —096 006 —051 039 —~1.01 0.11 -123 033
AAD 0.42 AAD 0.42 AAD 0.24 AAD 0.38

0 0 3.50 0 0 0 0 0 5.9 5.83 0.07 5.97 0.07 6.37 0.47 5.96 0.06
0 0 5.00 0 0 0 0 0 5.6 5.47 0.13 5.59 0.01 6 0.4 5.59 0.01
0 0 10.00 0 0 0 0 0 45 4.07 0.43 4.24 0.26 447 0.03 411 0.39
0 0 15.00 0 0 0 0 0 3 2.61 0.39 2.63 0.37 2.83 0.17 2.51 0.49
0 0 20.00 0 0 0 0 0 1.1 0.92 0.18 0.64 0.46 0.98 0.12 0.70 0.40
AAD 0.23 AAD 0.23 AAD 0.25 AAD 0.25

0 0 0 0 0 0 0 3.50 6.3 6.02 0.28 5.66 0.64 6.55 0.25 6.15 0.15
0 0 0 0 0 0 0 5.00 59 5.74 0.16 5.12 0.78 6.28 0.38 5.87 0.03
0 0 0 0 0 0 0 7.50 5.4 5.2 0.2 424 116 5.71 0.31 5.32 0.08
AAD 0.21 AAD 0.69 AAD 0.31 AAD 0.10

0 0 0 0 1.75 1.75 0 0 5.6 5.2 0.4 4.89 0.71 5.7 0.1 5.32 0.28
0 0 0 0 2.50 2.50 0 0 4.9 441 0.49 3.92 0.98 4.85 0.05 4.48 0.42
0 0 0 0 3.75 3.75 0 0 3.2 295 0.25 2.18 1.02 3.23 0.03 2.89 0.31
0 0 0 0 5.00 5.00 0 0 1.1 1.1 0.00 0.23 0.87 1.19 0.09 0.89 0.21
AAD 0.27 AAD 0.76 AAD 0.11 AAD 0.27

0 1.75 1.75 0 0 0 0 0 5.3 5.74 0.44 591 0.61 6.30 1.00 5.87 0.57
0 2.50 2.50 0 0 0 0 0 55 5.29 0.21 5.51 0.01 5.80 0.30 5.41 0.09
0 5.00 5.00 0 0 0 0 0 3.8 3.81 0.01 4.03 0.23 4.20 0.40 3.83 0.03
0 7.50 7.50 0 0 0 0 0 19 217 0.27 227 0.37 237 0.47 2.04 0.14
AAD 0.23 AAD 0.28 AAD 0.49 AAD 0.19

0 0 0 0 0 0 1.75 1.75 6.1 5.92 0.18 5.54 0.56 6.45 0.35 6.05 0.05
0 0 0 0 0 0 2.50 2.50 59 5.65 0.25 4.96 0.94 6.17 0.27 5.78 0.12
0 0 0 0 0 0 3.75 3.75 5.4 5.11 0.29 3.92 1.48 5.60 0.20 5.22 0.18
AAD 0.23 AAD 0.79 AAD 0.28 AAD 0.12

1.75 1.75 0 0 0 0 0 0 5.6 5.29 0.31 5.48 0.12 5.79 0.19 5.41 0.19
2.50 2.50 0 0 0 0 0 0 4.9 4.67 0.23 4.88 0.02 5.13 0.23 4.76 0.14
5.00 5.00 0 0 0 0 0 0 25 2.34 0.16 26 0.10 2.55 0.05 223 0.27
7.50 7.50 0 0 0 0 0 0 —05 —048  0.02 —027 023 —050 0.0 —074 024
10.00 10.00 0 0 0 0 0 0 —4.0 —4.36 0.36 —4.1 0.10 —4.37 0.37 —4.47 0.47
AAD 0.21 AAD 0.13 AAD 0.19 AAD 0.24

0 0 1.75 1.75 0 0 0 0 5.9 5.56 0.34 5.73 0.17 6.07 0.17 5.69 0.21
0 0 2.50 2.50 0 0 0 0 5.6 5.11 0.49 5.24 0.36 5.60 0.00 5.22 0.38
0 0 5.00 5.00 0 0 0 0 3.4 3.38 0.02 3.44 0.04 3.70 0.30 3.36 0.04
0 0 7.50 7.50 0 0 0 0 16 1.46 0.14 1.23 0.37 1.57 0.03 1.28 0.32
0 0 10.00 10.00 0 0 0 0 —-0.9 —0.87 0.03 —1.59 0.69 —0.90 0.00 —-1.13 0.23
AAD 0.20 AAD 0.30 AAD 0.13 AAD 0.22
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